Using a charged AFM tip allows nanometer-wide conducting lines to be written into otherwise insulating LaAlO 3 / SrTiO 3 interfaces. Based on studies and modifications of this process, this report describes the writing and erasing of such nanowires with conductivity changes by factors of more than 10 7 , which far exceeds previously reported values. The lines are found to have lifetimes of several days.
Introduction
A high-mobility electron system can be generated at the interface between the two insulators LaAlO 3 and SrTiO 3 , as discovered by Ohtomo and Hwang in 2004 . 1) This electron liquid 2) has a thickness of a few nanometers 3) and becomes superconducting at a transition temperature of 200 mK. 4) One key characteristic of the LaAlO 3 /SrTiO 3 interfaces is the critical thickness of the LaAlO 3 layer of d LAO ¼ 4 unit cells (uc) required for the as-grown interfaces to be metallic. 5) Heterostructures with d LAO ¼ 3 uc are close to the metal-insulator transition and can be reversibly switched into the conducting state by using electric fields generated by a gate electrode. Inspired by this behaviour, Cen et al. developed a technique to alter the interface on the nanoscale reversibly by writing with a charged tip of an atomic force microscope (AFM). 6, 7) They succeeded in creating conducting structures with widths as small as 2 nm. Writing and erasing of nanowires was reproduced by Xie et al., 8) who also demonstrated a technique to image the written structures.
The generation of nanoscale conducting structures opens up new possibilities for oxide-based electronic devices. Even their integration with existing semiconducting platforms seems possible.
9) The confinement of the quasi-two-dimensional electron liquid at the interface could furthermore enable experimental research on low-dimensional systems. In this work we report on investigations and improvements of the writing process. Different experimental parameters, such as the tip voltage, tip velocity, tip-sample distance, thickness of the LaAlO 3 layer or the contact materials, have been studied to achieve a reliable and optimized writing process. By using a modified AFM setup the sheet conductance was increased by seven orders of magnitude.
Results and Discussion
All samples were grown by pulsed-laser deposition using the procedures and parameters described in ref. 5 . To explore the role of the LaAlO 3 thickness d LAO on the writing process, the samples were grown with a gradient in d LAO . The LaAlO 3 thickness was thereby varied across the samples from nominally 3.0-3.3 uc. The contacts to the interface were fabricated by Ar-ion milling photolithographically defined holes that were refilled with sputtered Au or Ti. To limit the abrasion of the tip, the height of the contacts was chosen to match within 2 nm the height of the LaAlO 3 surface. Figure 1(a) displays the sample configuration.
The writing experiments were carried out using an AFM with an Al-coated, conducting tip (Digital Instruments Multimode AFM, Nanosensors PPP-NCHR-50 tips). The AFM was operated in tapping mode with an amplitude of $10 nm, similar to the amplitude used in imaging mode (unlike previous experiments [6] [7] [8] ). All measurements were performed at room temperature in air. The relative humidity of the air was varied between 30-70% with no significant influence on the writing process being observed. Before every measurement the samples were kept in the dark for more than 20 h to avoid photoelectrically induced conduc- We succeeded in inducing changes of the conductance between two Au contacts on a nominally 3.2-uc-thick sample by writing and erasing nanowires at the LaAlO 3 / SrTiO 3 interface with tip voltages V tip between 5 and 20 V. Figure 3 (a) shows the measured time dependence of the conductance between two Au contacts as four parallel lines were written with V tip ¼ 12 V and erased again with V tip ¼ À12 V. A significant increase occurs each time the tip reaches the contact during the writing process. As the lines are subsequently cut, the conductance drops to the value prior to the writing. The four written lines result in an increase of the conductance from 10 À7 -10 À6 S. By studying several samples, we found the writing and erasing of nanowires to be reproducible. Analogous to the studies reported in ref. 6 , it was found that the width of the written nanostructures equals several nanometers.
To determine the lifetimes of the written lines, the AFM and measurement electronics were switched off after writing the lines and measuring their conductance. After a specified waiting-period, during which the samples were kept in the dark, the conductance was remeasured. The line was considered to no longer exist if the conductance did not exceed the background conductance by more than 20%.
Our experiments revealed that the sample background conductance of 10 À7 S is induced by the red light of the laser used by the AFM to measure the cantilever deflection. As the energy of the laser light (1.85 eV) is significantly smaller than the band gap of SrTiO 3 (3.2 eV), these photo-excited charge carriers in the SrTiO 3 /LaAlO 3 interface cannot originate from interband transitions in bulk SrTiO 3 , but are probably caused by interface or defect states.
To avoid the detrimental influence of the laser light, we eliminated the laser irradiation in the subsequent experiments and measured the cantilever deflection using the voltage generated by piezoelectric qPlus cantilevers 12) with n þ silicon tips. The tip-sample force was measured by using frequency demodulation 13) with an amplitude of $1 nm. The large spring constant of the qPlus cantilever (1800 N/m) enables stable oscillation even for amplitudes below 1 nm. The resonance frequencies of the qPlus cantilevers range from 31-32 kHz, with frequency shifts between 5 and 10 Hz. The tip-sample distance of 1-2 nm was estimated from the measured frequency shift. 14) Using the qPlus configuration to reduce the background conductance 0 , resistance ratios of 10 4 can be achieved in the writing process [ Fig. 3(b) ]. These exceed previously reported values by far. The highest ratio attained to our knowledge is about 100, 11) which increases the conductance from a background value of $10 À9 S to a conductance level in the vicinity of 10 À7 S. The value reported in the present publication therefore exceeds previously reported values by at least a factor of 100. Other previously reported results correspond to a ratio of <1 and $10 (refs. 6 and 8, respectively) with a background conductance of the order of 10 À9 S. We note that the background conductivities achieved in our work are only a factor of 10 smaller than the values reported in the literature. It is also the concomitant enhancement of the conductivity of the written lines that leads to the large conductivity modulation. The written lines were found to exist with lifetimes of at least three to five days.
The sheet conductance sheet of a single line can be estimated from sheet ¼ G Á l=w, where G represents the measured conductance, w the width and l the length of the written wire. Assuming a line width of 5 nm, 6) a single line with a conductance of 10 À7 S and a length of 10 m is characterized by a sheet conductance of sheet ¼ 5 Â 10 À3 S, corresponding to a resistance of 10 7 and a sheet resistance of R sheet ¼ 200 . Because the widths of the conducting lines are much smaller than the widths of the areas that give rise to the background conductance, the enhancements of the local conductivity by the AFM tip are very large. By using an estimated width of the conducting lines of 20 nm compared to the widths of the contacts defining the widths of the background conductance paths (15 m), we find that the local conductivity change exceeds the conductance change by a factor of $10
3 . The conductance increase of the lines shown in Fig. 3 therefore corresponds to an increase of the local sheet conductance by a factor of 10 7 . The processes of writing and erasing nanostructures were found to depend sensitively on several parameters, foremost on the thickness of the LaAlO 3 layer. A nominal thickness of d LAO ¼ 3:1{3:3 uc, very close to the critical thickness, was required for writing, with an ideal value of d LAO $ 3:1 uc, for this thickness provided the smallest background conductance. The conductance change and the stability of the lines are strongly influenced by the tip voltage and the tip-sample distance; larger voltages and smaller distances yielded better conducting and more stable lines. This is illustrated in Fig. 4 , which shows the conductance of four lines written with different voltages with the qPlus setup. This sample had a different background conductance ($10 À8 S) than the sample shown in Fig. 3 , and when the tip-sample distance was slightly increased, no stable conducting lines could be generated. The studies furthermore revealed that the LaAlO 3 surface as well as the AFM tip need to be meticulously clean, as any contamination on the surface or the tip impairs or even defeats the writing process. Exploring the effect of different writing speeds, we found that writing at slower speeds enhances the stability of the lines. For this reason, the lines presented were written with velocities of between 0.3 and 3 m/s.
Summary and Conclusions
The generation of conducting nanostructures at LaAlO 3 / SrTiO 3 interfaces has been found to depend sensitively on several experimental parameters such as the thickness of the LaAlO 3 layer, the contact materials, the tip voltage, the tip velocity, and the tip-sample distance. Furthermore, the red laser light used in the conventional AFM setup to measure the cantilever deflection, was found to generate photocarriers and thereby to be detrimental to the writing process, although the energy of the laser light is significantly smaller than the band gap of SrTiO 3 . Optimizing the writing process with respect to the influencing parameter showed that nanometer-wide conducting lines were generated at the LaAlO 3 /SrTiO 3 interface, with conductivity increases being of the order of 10 7 . This increase represents a strong improvement to previously reported values.
Based on these studies we are confident that the performance of the writing and erasing processes can be further enhanced by optimizing the writing parameters (tip and cantilever geometry, electric field distribution) and the sample configuration. We consider the incorporation of ferroelectric layers into the sample structure a particularly promising approach to generate conducting lines in the interface, using the AFM tip to polarize the ferroelectric sheet locally. 
